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Abstract 
A systematic investigation into the reactions of o- and p-phenylenediacetic acid with zinc(II) 
and cadmium(II) salts in the presence of the semi-rigid 1,4-bis(2-methylimidazol-1-
ylmethyl)benzene (pbmeix) co-ligand is reported. Five new coordination polymers – [Zn(μ-
opda)(μ-pbmeix)0.5]n 1, {[Zn(μ-ppda)(μ-pbmeix)]∙H2O}n 2, {[Zn(μ-ppda)(μ-
pbmeix)]∙0.5pbmeix∙H2O}n 3, {[Cd(μ-opda)(μ-pbmeix)]·0.5DMF}n 4 and [Cd(μ-ppda)(μ-
pbmeix)0.5]n 5 (o/ppda = 1,2-/1,4-phenylenediacetate) – have been prepared and structurally 
characterised. Complexes 1 and 5 were found to form three-dimensional coordination networks, 
2 forms a two-dimensional structure whereas both 3 and 4 form one-dimensional structures. 1 
and 4 are opda complexes in which the dicarboxylate shows a tridentate coordination mode in 
1 and a tetradentate coordination mode in 4. Complexes 2, 3 and 5 are ppda complexes in which 
the dicarboxylate adopts bidentate (2, 3) and hexadentate (5) coordination modes. The structure 
of 2 contains interpenetrated 2D frameworks and is a polycatenane with ppda linkers from one 
framework passing through Zn2(μ-pbmeix)2 rings from a neighbouring framework. Compounds 
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3 and 4 form one-dimensional coordination polymer nanotubes. The thermal stability of 
complexes 1-4 and luminescence properties of complexes 1 and 4 are also reported. 
 
Keywords: Coordination polymer, Phenylenediacetate complexes, 1,4-bis(2-methylimidazol-
1-ylmethyl)benzene complexes, Zinc(II) complexes, Cadmium(II) complexes. 
 
Introduction  
Coordination polymers (CPs) are compounds that are formed by linking together 
inorganic metal nodes with organic linkers into polymeric structures that extend in one, two, or 
three dimensions [1, 2]. The synthesis and structural characterisation of CPs has attracted 
considerable interest over recent years due to the diversity of the structures and their potential 
uses in applications such as adsorption, gas storage, separation and catalysis, especially when 
porous [3-5]. The structures of CPs are dictated by the nature of both the metal centres and the 
organic ligands, with the reaction conditions also playing an important role: the solvent, 
temperature and pH influence the product in many cases [6-8]. The organic linkers, in particular, 
play a crucial role in determining the nature of the CP, with the number and orientation of the 
donor groups, ligand length and rigidity all important factors in the topology, porosity and 
degree of interpenetration observed [9, 10].  
The most commonly used organic ligands are polycarboxylates, polyphosphonates, 
polysulfonates and N-containing heterocycles [11]. Although most ligands employed to 
construct CPs are rigid, there has been increasing interest in employing semi-rigid ligands, as 
these allow for more variable coordination modes while the absence of complete flexibility 
provides for relatively robust and stable frameworks while maintaining the potential for porosity 
[12-14]. The semi-rigid 1,2-, 1,3- and 1,4-phenylenediacetate ligands have been exploited under 
different reaction conditions to prepare CPs with diverse structural features [5, 7, 15-18]. The 
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presence of the flexible -CH2- spacers together with the rigid central aromatic ring allows for a 
limited degree of flexibility while still affording the potential to form open structures [17, 19].  
The use of a combination of anionic and neutral linkers is a well-established strategy for 
forming high dimensional CPs with novel topologies, and most of the CPs constructed using 
phenylenediacetates have been obtained by employing this approach [20-22]. We have been 
interested in combining semi-rigid phenylenediacetates together with semi-rigid neutral linkers, 
as introducing a limited degree of flexibility in both the anionic and neutral linkers maximises 
the potential for forming novel structures. In this paper we explore the coordination polymers 
formed by combining zinc(II) or cadmium(II) centres together with a phenylenediacetate and 
1,4-bis(2-methylbenzimidazol-1-ylmethyl) (pbmeix) linkers. Like the phenylenediacetates, 
pbmeix combines the possibility of facile rotation around the -CH2- groups with the rigidity of 
aromatic rings providing a limited degree of flexibility, while also affording the potential for 
π··· π interactions and hydrogen bonding [19, 23-25]. Herein we report the synthesis, X-ray 
crystal structures and properties of five new coordination polymers – [Zn(μ-opda)(μ-
pbmeix)0.5]n 1 (opda = 1,2-phenylenediacetate), {[Zn(μ-ppda)(μ-pbmeix)]∙H2O}n 2, {[Zn(μ-
ppda)(μ-pbmeix)]∙0.5pbmeix∙H2O}n 3 (ppda = 1,4-phenylenediacetate), {[Cd(μ-opda)(μ-
pbmeix)]·0.5DMF}n 4 and [Cd(μ-ppda)(μ-pbmeix)0.5]n 5. 
 
Experimental  
Materials and measurements 
All chemicals were commercially available and used without further purification with the 
exception of pbmeix which was prepared by a modification of a previously reported method for 
the synthesis of 1,4-bis(imidazol-1-ylmethyl)benzene [26]. IR spectra for 1, 4 and 5 were 
recorded on a Bruker Tensor 27 FT−IR spectrometer using KBr pellets whereas the IR spectra 
for 2 and 3 were recorded on Perkin Elmer Spectrum 100 spectrometer mounted on a diamond 
ATR platform. Thermogravimetric analyses (TGA) for 1-4 were carried out with a Perkin Elmer 
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Diamond TG/DTA and Setaram Setsy Evolution 16/18 Thermal Analyzer in a static air 
atmosphere with a heating rate of 10 ºC/min in the temperature range of 30–700 °C. Powder X-
ray diffraction patterns (PXRD) for 1-5 were recorded on a Rikagu Smartlab X-ray 
diffractometer or a Bruker AXS D8 Advance diffractometer. The photoluminescence (excitation 
and emission) spectra for the solid state samples were determined with a Perkin-Elmer LS-55 
fluorescence spectrometer. Single crystal X-ray diffraction data for 1, 4 and 5 were collected on 
a Bruker APEX-II diffractometer equipped with graphite-monochromated Mo-Kα radiation 
whereas that for 2 was collected on an Agilent SuperNova diffractometer using Cu-Kα radiation 
that for 3 was collected on an Agilent XCalibur diffractometer using Mo-Kα radiation. 
 
The structures were solved by direct methods using the programs OLEX2 [27] and SHELXT-
2015 [28] with anisotropic thermal parameters for all non-hydrogen atoms. All non-hydrogen 
atoms were refined anisotropically by full-matrix least-squares methods using SHELXL-2015 
[29], and structural figures were obtained using MERCURY [30]. Topological analysis was 
performed using ToposPro [31]. Crystal data and structure reﬁnement parameters for the 
complexes are presented in Table 1. Selected bond lengths and angles are listed in Tables S1- 
S5. The crystallographic information files of 1-5 can be obtained from the Cambridge 
Crystallographic Data Centre (CCDC) and the compounds have the deposition numbers CCDC 
1853013-1853017, respectively [32].   
 
Synthesis 
Synthesis of [Zn(μ-opda)(μ-pbmeix)0.5]n (1). A mixture of H2opda (0.15 g, 0.8 mmol), 
Zn(O2CMe)2·2H2O (0.17 g, 0.8 mmol) and pbmeix (0.21 g, 0.8 mmol) was dissolved in 
DMF/H2O (32 mL, v:v = 1:3) in a 45 mL Parr brand teflon-lined acid digestion bomb. This was 
sealed and then heated at 120 ºC for 7 days, before cooling at a rate of 5 ºC h–1 to room 
temperature. Colourless crystals of 1 were collected by filtration and washed with water. FTIR 
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(KBr, cm−1): 3128 w, 3059 w, 3026 w, 2960 w, 2914 w, 1631 s, 1552 vs, 1440 s, 1411 s, 1367 
s, 1271 m, 1153 w, 723 m. 
 
Synthesis of {[Zn(μ-ppda)(μ-pbmeix)]∙H2O}n (2). A mixture of H2ppda (0.10 g, 0.5 mmol), 
Zn(O2CMe)2·2H2O (0.11 g, 0.5 mmol) and pbmeix (0.14 g, 0.5 mmol) was dissolved in 
DMF/H2O (12 mL, v:v = 1:3) in a thick walled glass tube. This was sealed and then heated at 
120 ºC for 3 days, before cooling at a rate of 5 ºC h–1 to room temperature. The solution was 
filtered and left for slow evaporation. After a few days, colourless crystals of 2 were collected 
by filtration and washed with water. FTIR (KBr, cm−1): 3510 w, 3130 w, 3000 w, 2963 w, 2914 
w, 1606 s, 1602 s, 1516 vs, 1440 s, 1422 s, 1364 s, 1277 m, 1144 w, 740 m. 
This reaction was found to be very sensitive to conditions, and on some occasions {[Zn(μ-
ppda)(μ-pbmeix)]∙0.5pbmeix∙H2O}n 3 was formed instead of 2. FTIR (KBr, cm−1): 3424 w, 
3151 w, 3132 w, 2915 w, 1638 vs, 1536 w, 1521 w, 1518 s, 1432 s, 1403 s, 1309 m, 1284 m 
1150 w, 1012 m, 712 m. 
 
Synthesis of {[Cd(μ-opda)(μ-pbmeix)]·0.5DMF}n (4). A mixture of H2opda (0.10 g, 0.5 
mmol), CdCl2·2H2O (0.090 g, 0.5 mmol) and pbmeix (0.27 g, 1 mmol) was dissolved in DMF 
(18 mL) was placed in a 45 mL Parr brand teflon-lined acid digestion bomb. This was sealed 
and then heated at 120 ºC for 5 days, before cooling at a rate of 5 ºC h–1 to room temperature. 
Colourless crystals of 4 were collected by filtration and washed with water. FTIR (KBr, cm−1): 
3114 m, 3024 w, 2927 w, 1679 s, 1587 s, 1556 vs, 1504 m, 1382 m, 1280 w, 1002 w, 775 m.  
 
Synthesis of {[Cd(ppda)(pbmeix)0.5]}n (5). A mixture of H2ppda (0.15 g, 0.8 mmol), 
Cd(O2CMe)2·2H2O (0.21 g, 0.8 mmol) and pbmeix (0.20 g, 0.8 mmol) was dissolved in 
DMF/H2O (32 mL, v:v = 1:3) and was placed in a 45 mL Parr brand teflon-lined acid digestion 
bomb. This was sealed and then heated at 120 ºC for 5 days, before cooling at a rate of 5 ºC h–1 
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to room temperature. Colourless crystals of 5 were collected by filtration and washed with water. 
FTIR (KBr, cm−1): 3126 w, 3024 w, 2943 m, 1558 vs, 1510 s, 1421 s, 1388 vs, 1282 m, 1149 
w, 734 m. 
 
Results and Discussion 
Syntheses 
The compounds [Zn(μ-opda)(μ-pbmeix)0.5]n 1, {[Zn(μ-ppda)(μ-pbmeix)]∙H2O}n 2 and {[Zn(μ-
ppda)(μ-pbmeix)]∙0.5(pbmeix)∙H2O}n 3 were prepared as single crystals through the reactions 
between zinc(II) acetate, 1,2- or 1,4-phenylenediacetic acid (H2opda/H2ppda) and 1,4-bis(2-
methylimidazol-1-ylmethyl)benzene (pbmeix) in DMF/water on heating at 120°C for 3-7 days. 
For the analogous cadmium systems, the reaction between cadmium(II) acetate, H2ppda and 
pbmeix gave [Cd(μ-ppda)(μ-pbmeix)0.5]n 5 under similar conditions after 5 days, but the 
reaction with H2opda gave only a non-crystalline precipitate under these conditions. However, 
on changing the cadmium source to cadmium(II) chloride and the solvent to DMF, single 
crystals of {[Cd(μ-opda)(μ-pbmeix)]·0.5DMF}n 4 were formed after 5 days at 120 °C. The 
PXRD patterns for compounds 1-4 (Fig. S1-S4) were found to match well with those simulated 
from their single crystal X-ray structures, indicating the phase purities of the complexes. 
However, PXRD patterns of the bulk material of compound 5 indicate that the material is not 
phase pure (Fig. S5), with the compound identified crystallographically being present as a minor 
component in the bulk material. The reaction was repeated using a variety of different 
conditions, but in all cases the product contained a mixture of phases.   
 
X-Ray crystallographic analysis 
[Zn(μ-opda)(μ-pbmeix)0.5]n (1). Compound 1 was formed from reaction of zinc(II) acetate with 
H2opda and pbmeix in DMF/water at 120 °C. The compound crystallises in the monoclinic space 
group P21/c and the asymmetric unit contains one zinc(II) centre, one opda ligand and half a 
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pbmeix ligand (Fig. 1). The zinc centre is four-coordinate, bonding to three oxygen atoms from 
three different opda ligands and one nitrogen atom from the pbmeix ligand. It exhibits distorted 
tetrahedral geometry (4 = 0.81) [33], with the bond angles ranging from 98.08(12) to 
127.32(18)°. The Zn(1)–O bond distances are in the range of 1.916(3)2.018(2) Å, whereas the 
Zn(1)–N(1) bond length is 1.990(3) Å. The carboxylate group containing O(1) and O(2) bridges 
between zinc centres, leading to the formation of chains along the crystallographic c axis. These 
chains are connected into sheets by the opda linkers. Overall, the opda linkers adopt a μ3-
η1:η1:η1:η0 coordination mode through linking the zinc centres, and the opda ligands adopt a 
trans conformation, constructing sheets in the bc plane (Fig. 2). The Zn(1)···Zn(1)i and 
Zn(1)···Zn(1)ii distances are 4.721 and 7.199 Å, respectively ((i) x, ½ – y, –½ + z, (ii) 1 – x, ½ 
+ y, ½ – z). The distance between the zinc(II) centres bridged by the pbmeix linker is 14.303 Å. 
The torsion angles between the carboxylate groups and their adjacent aromatic rings are –98.64º 
(through C1–C2–C3–C4) and –103.02º (through C10–C9–C8–C7). Adjacent sheets are inter-
linked by pbmeix ligands to generate a 3D framework (Fig. 3a). Topologic analysis reveals that 
complex 1 has xww-3,4-P21/c topology with the point symbol of (4.8
2.103)(4.82) (Fig. 3b).  
 
 
Fig. 1. Part of the structure of 1 with the atom numbering scheme showing the asymmetric 
unit. 
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Fig. 2. The two-dimensional zinc-opda framework present in the structure of 1. Hydrogen 
atoms have been omitted for clarity. 
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(a) 
 
(b) 
 
Fig. 3. (a) The 3D framework of 1. (b) A schematic view of the binodal (3,4)-connected 3D 
framework topology of 1. 
  
 10 
{[Zn(μ-ppda)(μ-pbmeix)]·H2O}n (2). Compound 2 was formed following the reaction of 
zinc(II) acetate with H2ppda and pbmeix in DMF/water at 120°C. It crystallises in the triclinic 
space group P–1, and the asymmetric unit contains one zinc(II) centre, two half ppda ligands, 
one pbmeix ligand and one included water molecule. As shown in Fig. 4, the Zn(II) centre is 
coordinated by two oxygen atoms of the carboxylate groups from two different ppda ligands 
and two nitrogen atoms from two different pbmeix ligands. Overall it exhibits distorted 
tetrahedral geometry (4 = 0.92) [33], with bond angles ranging from 102.88(12) to 115.69(12)°. 
The Zn(1)–O(1) and Zn(1)–O(3) bond distances are 1.938(3) and 1.945(2) Å, whereas the 
Zn(1)–N(1) and Zn(1)–N(4) bond lengths are 1.993(4) and 2.048 (4) Å, respectively. In contrast 
to 1, there are no bridging carboxylate groups in 2. The ppda coordinates to the metal centre 
through the μ2-η1:η0:η1:η0 coordination mode, and the CH2CO2 groups are twisted with respect 
to each other indicating a typical trans conformation. Each ppda ligand connects two zinc(II) 
centres to form an infinite one-dimensional zig-zag polymeric chain, and the adjacent chains are 
further linked together by two different pbmeix ligands to form a 2D network along the ab plane 
(Fig. 5a and 5b). These sheets contain large hexagonal rings (distance across 17.8 Å) with four 
sides constructed from ppda ligands and two sides made from pairs of pbmeix ligands, that 
themselves form Zn2(pbmeix)2 rings. The Zn(1)···Zn(1)
i and Zn(1)···Zn(1)ii distances are 
12.565 and 13.743 Å, respectively ((i) –x, 1 – y, 2 – z, (ii) 2 – x, 2 – y, 1 – z). The distance 
between the zinc(II) centres bridged by the pbmeix linkers is 11.667 Å. These 2D layers are 
interpenetrated to give a 2D + 2D → 2D parallel interpenetrated structure (Fig. 6a). The 
interpenetration occurs when ppda ligands from one network penetrate the Zn2(pbmeix)2 rings 
of a neighbouring network, generating a polycatenane structure. Topologically, complex 2 is a 
2-fold parallel interpenetrated 3-nodal (2,2,4)-connected 2D + 2D → 2D framework with the 
point symbol of (12)(4.125)(4) (Fig. 6b). 
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Fig. 4. Part of the structure of 2 with the atom numbering scheme showing the asymmetric 
unit. 
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(a) 
 
(b) 
 
Fig. 5. The structure of 2, showing (a) the 1D zig-zag Zn(ppda) chains and (b) the 2D sheets. 
Hydrogen atoms and water molecules have been omitted for clarity. 
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(a) 
 
(b) 
 
Fig. 6. (a) View of 2D + 2D → 2D parallel interpenetrated structure of 2, with hydrogen atoms 
omitted for clarity (b) A topologic representation of 2-fold parallel interpenetrated 2D + 2D → 
2D framework. 
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{[Zn(μ-ppda)(μ-pbmeix)]·0.5pbmeix·H2O}n (3). Like 2, compound 3 was formed from 
the reaction of zinc(II) acetate, pbmeix and H2ppda in DMF/water at 120°C. It crystallises in 
the triclinic space group P–1 and the asymmetric unit (Fig. 7) contains one Zn(II) centre, one 
ppda ligand, one pbmeix ligand, half an uncoordinated pbmeix molecule and one included water 
molecule. The Zn(II) ion is coordinated to two nitrogen atoms (N1 and N4ii) from two different 
pbmeix ligands and two carboxylate oxygen atoms (O1 and O3i) from two different ppda ligands 
[(i) x + 1, y, z; (ii) −x + 2, −y + 1, −z]. Overall, it exhibits a distorted tetrahedral coordination 
geometry (4 = 0.78) [33], with the bond angles ranging from 95.76(8) to 133.49(9)°. The Zn–
N bond distances are 2.024(2) and 2.020(2) Å and the Zn–O bond distances are 1.9340(19) and 
1.9316(19) Å. The ppda coordinates to the Zn(II) centre through the μ2-η1:η0:η1:η0 coordination 
mode, and the CH2CO2 groups of ppda linker are twisted with respect to each other, in a trans 
conformation. The Zn(II) centres are connected by ppda ligands to form 1D chains (Fig. 8a), 
and these are inter-linked by pbmeix ligands to generate a 1D nanotubular structure (Fig. 8b) in 
which pairs of pbmeix ligands bridge two Zn(II) ions to form Zn2(pbmeix)2 26-membered rings. 
The included, uncoordinated pbmeix reside within these nanotubes, with each Zn2(pbmeix)2 
ring being penetrated by a pbmeix molecule (Fig. 8c). This contrasts with the structure of 2, as 
in that case the Zn2(pbmeix)2 rings were penetrated by ppda linkers. It is notable that the 
imidazolyl rings from neighbouring pbmeix molecules lie parallel to each other, and the short 
distance between them (3.547 Å) is consistent with π···π interactions. Metal-organic 
nanotubular structures have previously been shown to possess interesting properties and have 
potential applications in gas and solvent adsorption, and sensing small molecules [34-36]. 
Neighbouring 1D nanotubular structures and the included pbmeix and H2O are connected 
through hydrogen bonding, C-H and π···π interactions to construct a 3D supramolecular 
network. Topologically, complex 3 is uninodal (3)-connected 1D nanotubular structure and 
displays SP 1-periodic net topology with the point symbol of (42.6) (Fig. S6). 
 
 15 
 
Fig. 7. Part of the structure of 3 with the atom numbering scheme showing the asymmetric 
unit. 
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(a) 
 
(b) 
 
(c) 
 
Fig. 8. The structure of 3 showing (a) a 1D polymeric chain, (b) inter-linking of the chains to 
form nanotubes and (c) a view down the axis of a nanotube. Hydrogen atoms have been 
omitted for clarity.  
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{[Cd(μ-opda)(μ-pbmeix)]·0.5DMF}n (4). Compound 4 was formed from the reaction of 
cadmium(II) chloride with H2opda and pbmeix in DMF at 120 °C. The topology of the structure 
of 4 is similar to that of 3, despite the difference in the metal centre and phenylenediacetate. An 
X-ray structural analysis demonstrates that 4 crystallises in the monoclinic space group P21/c. 
The asymmetric unit contains one cadmium(II) centre, one opda ligand, one pbmeix ligand and 
half an included DMF molecule. As shown in Fig. 9, the cadmium(II) centre is six coordinate, 
bonding to the four oxygen atoms of two carboxylate groups, both from a different opda ligand, 
and two nitrogen atoms from two pbmeix ligands, thus exhibiting distorted octahedral geometry. 
The two carboxylate groups are unsymmetrically coordinated, with that involving O(1) and O(2) 
being closer to being monodentate (Cd(1)–O(1) 2.233(3), Cd(1)–O(2) 2.752(4) Å) than that 
involving Cd(3) and Cd(4) (Cd(1)–O(3) 2.332(3), Cd(1)–O(4) 2.408(3) Å). The opda ligand 
coordinates to the metal centre through the μ-η1:η1:η1:η1 coordination mode, and the CH2CO2 
groups are twisted with respect to each other, indicating a trans conformation. The cadmium(II) 
centres are connected by opda ligands to form a 1D chain (Fig. 10a) with a Cd(1)Cd(1)i 
distance of 8.695 Å ((i) –1 + x, y, z). These 1D chains are connected by pbmeix ligands to 
generate a 1D nanotubular structure (Fig. 10b,c) that contains Cd2(pbmeix)2 26-membered rings. 
Although topologically nanotubular, in practice the close approach of the pbmeix ligands pinch 
the nanotubes and lead to the formation of discrete pores of approximate window dimensions 
6.2 × 2.9 Å, and the included DMF molecules reside in these positions. The nanotubes are linked 
into the gross 3D supramolecular structure by a combination of C–H···π and π···π interactions. 
Topologically, complex 4 forms a uninodal (3)-connected 1D nanotubular structure and displays 
SP 1-periodic net topology with the point symbol of (42.6) (Fig. S7). 
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Fig. 9. Part of the structure of 4 with the atom numbering scheme showing the asymmetric 
unit. 
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(a) 
 
(b) 
 
(c) 
 
Fig. 10. The structure of 4 showing (a) the 1D polymeric Cd(opda) chains (b) the overall 
nanotubular structure, and (c) a view down the nanotube. Hydrogen atoms have been omitted 
for clarity. 
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[Cd(μ-ppda)(μ-pbmeix)0.5]n (5). Compound 5 was formed from the reaction of 
cadmium(II) acetate with H2ppda and pbmeix in DMF/water at 120°C. Single-crystal X-ray 
diffraction analysis reveals that 5 crystallises in the monoclinic space group C2/c. As shown in 
Fig. 11, the asymmetric unit of complex 5 contains one cadmium(II) centre, half a pbmeix ligand 
and one ppda ligand. Each cadmium(II) centre is seven-coordinate, bonding to six carboxylate 
oxygen atoms from four different ppda ligands and one nitrogen atom from a pbmeix ligand, 
and overall exhibits distorted pentagonal bipyramidal geometry. The cadmium centres are 
bridged by carboxylate groups into one-dimensional chains, with each carboxylate acting as a 
bidentate ligand to one cadmium centre, and one of the carboxylate oxygen atoms coordinates 
to a neighbouring cadmium centre. Each of the carboxylate groups coordinates in a bidentate 
manner to one cadmium centre as well as bridging through one of the oxygen atoms to another 
cadmium centre. The bidentate modes are both unsymmetrical (Cd(1)–O(1) 2.280(2), Cd(1)–
O(2) 2.652(3), Cd(1)–O(3) 2.336(3), Cd(1)–O(4) 2.664(3) Å), with the longer bond formed by 
the oxygen atom bridging to the second metal centre (Cd(1)i–O(2) 2.481(3), Cd(1)i–O(4) 
2.355(3) Å). The ppda ligands coordinate to the metal centre through the μ4-η2:η1:η2:η1 
coordination mode and serve to link the chains into a three-dimensional (3D) framework (Fig. 
12a). The CH2CO2 groups of ppda linker are twisted with respect to each other, in a trans 
conformation. This structure is further stabilised by coordination of the pbmeix ligand (Fig. 
12b). Topologic results show that complex 5 is a 2-nodal (4,5)-connected 3D framework with 
the point symbol of (43.62.7)(43.64.72.8)(4) (Fig. 13). 
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Fig. 11. Part of the structure of 5 with the atom numbering scheme showing the asymmetric 
unit. 
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(a) 
 
(b) 
 
Fig. 12. The structure of 5 showing (a) the 3D structure of the Cd(ppda) framework and (b) 
the overall 3D structure. Hydrogen atoms have been omitted for clarity. 
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Fig. 13. A schematic view of the binodal (4,5)-connected 3D framework topology. 
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Table 1. Crystal data and structure refinement parameters for complexes 1–5 
 1 2 3 4 5 
Empirical formula C18H17N2O4Zn C26H28N4O5Zn C34H32N6O5Zn C55H59N9O9 Cd2 C18H17N2O4Cd 
Formula weight 390.71 541.89 670.02 1214.91 437.74 
Temperature (K) 293 150 150 293 293 
Crystal system Monoclinic Triclinic Triclinic Monoclinic Monoclinic 
Space group P21/c P–1 P–1 P21/c C2/c 
a (Å) 13.7865(13) 9.2704(4) 10.4732(5) 8.6950(7) 15.153(3) 
b (Å) 13.8110(13) 10.7601(5) 13.2111(6) 21.874(2) 16.178(2) 
c (Å) 9.2555(7) 12.4572(5) 13.4186(5) 14.2320(11) 15.305(4) 
 (º) 90 85.436(3) 106.497(4) 90 90 
 (º) 100.674(3) 73.148(4) 109.067(4) 91.380(5) 117.687(5) 
 (º) 90 88.750(3) 100.883(4) 90 90 
V (Å3) 1731.8(3) 1185.47(9) 1599.26(13) 2706.1(4) 3322.4(11) 
Z 4 2 2 2 8 
Dc (g cm-3) 1.499 1.518 1.391 1.491 1.750 
μ (mm−1) 1.44 1.83 0.82 0.85 1.34 
Measured reflections 49238 11637 15379 38050 52056 
Independent 
reflections 
3520 4774 8199 10240 4120 
Rint 0.051 0.037 0.024 0.128 0.043 
S 1.17 1.03 1.06 0.94 1.18 
R1/wR2 0.050/0.105 0.062/0.165 0.051/ 0.138 0.080/0.140 0.038/ 0.081 
Δρmax/Δρmin (eÅ−3) 0.42/−0.44 1.85/−0.98 1.69/ −0.89 0.83/−0.81 0.90/−0.77 
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Discussion 
Comparing the metal centres in the coordination polymers 1-5 it can readily be seen that there 
is a tendency to increase the coordination numbers with the size at the metal centre. In 1-3, the 
zinc(II) centre is four-coordinate in a distorted tetrahedral environment whereas, in contrast, in 
4 and 5, the coordination number of the larger cadmium(II) centre is six and seven, respectively. 
This is reflected in the carboxylate coordination modes, with the carboxylates in 1, 2 and 3, 
coordinating to the zinc(II) centres through single oxygen atoms, whereas those in 4 and 5 
coordinate in a bidentate manner to the cadmium(II) centres.  
With respect to the phenylenediacetate ligands, all of the carboxylic acid groups of the H2opda 
and H2ppda reagents are deprotonated in the products. The products show four different 
coordination modes (Fig. 14), indicating the versatility of these linkers. For both opda and ppda, 
the change in metal centre leads to a change in dimensionality at the product though not in a 
consistent way. Thus, the Zn-opda compound 1 forms a 3D network whereas the analogous Cd-
opda compound 4 forms lower dimensional 1D nanotubes. In contrast, Zn-ppda compounds 2 
and 3 form a 2D network and 1D nanotubes, respectively whereas the analogous Cd-ppda 
compound 5 forms a higher dimensional 3D network.  
 
 
 
1 2 and 3 
 
 
4 5 
 
 
Fig. 14. The coordination modes of the o/ppda ligands in 1-5. 
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It is notable that compounds 1 and 5 include only half an equivalent of pbmeix per metal centre, 
whereas 2 and 4 contain one equivalent of pbmeix per metal. In all cases one (or more) 
equivalents of pbmeix per metal ion were used in the reaction mixture and changing the ratio of 
reactants does not afford other phases. In addition to coordinated pbmeix, compound 3 contains 
half an equivalent of included, uncoordinated pbmeix. 
Zinc(II) ppda complexes with other semi-rigid N,N'-donor co-linkers have been reported 
previously and shown to form one- [7, 37] two- [7, 15, 38, 39] and three-dimensional [40-42] 
networks. Although some of the 3D networks are interpenetrated, none of the previously 
reported zinc ppda compounds form a polycatenane structure similar to that adopted by 2. The 
network displayed by {[Zn(μ-ppda)(μ-mbix)]·0.5H2O}n (mbix=1,3-bis(imidazol-1-
ylmethyl)benzene) [7], contains similar sheets to those in 2, though without the interpenetration. 
In contrast, the 1D chains of [ZnCl(μ-ppda)0.5(μ-mbtx)]n (mbtx = 1,1'-(1,3-
phenylenebis(methylene))bis(1H-1,2,4-triazole)) contain a similar type of catenation to that 
seen in 2, despite the difference in framework dimensionality [37]. While there are previous 
examples of cadmium(II)-opda networks containing semi-rigid N,N'-donor co-ligands, none 
have similar nanotubular structures to that adopted by 4. It is therefore clear that when using 
semi-rigid ligands, small changes in the ligand can have dramatic structural consequences.  
 
Thermal Properties and Photoluminescence Behaviour 
In order to explore the thermal stabilities of the complexes, thermogravimetric analyses were 
undertaken on 1-4 under an air atmosphere in the temperature range 30-700 oC (Fig. S8). For 
compounds 2 and 3, the first mass losses in the temperature range 74-192 oC and 63-223 oC 
were related to removal of the included water molecules (found: 3.16 %, calcd.: 3.32 % for 2 
and found: 3.04 %, calcd.: 2.92 % for 3), respectively. Complexes 1 and 4 were stable up to 268 
and 194 oC, respectively. For compound 4, the weight loss of 10.47 % in the temperature range 
194-285oC was due to removal of one DMF molecule (calcd.: 11.33 %). On further heating, all 
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complexes were fully decomposed, with the residues the oxides (ZnO, found: 19.93 %, calcd: 
20.73 % for 1; ZnO, found: 16.66 %, calcd: 14.95 % for 2; ZnO, found: 14.96 %, calcd: 13.15 
% for 3, CdO, found: 21.13 %, calcd: 19.94 % for 4). 
The photoluminescent properties of H2opda as well as its complexes 1 and 4 at room temperature 
were determined. Emissions were observed at 370 and 389 nm (λex = 292 nm) for H2opda, which 
were attributed to π*→π transitions. Intense broad emission peaks appeared at 389 nm (λex = 
315 nm) for 1 and 435 nm (λex = 315 nm) for 4. The emissions of the complexes were neither 
ligand-to-metal charge transfer nor metal-to-ligand charge transfer, as oxidation or reduction of 
d10 metal centres is difficult. The emissions of the complexes are likely due intra-ligand 
transitions of the phenylenediacetate ligands though that for 4 is at a higher wavelength than for 
H2opda (Fig. S9). 
 
Conclusions 
Five coordination polymers containing a 1,4-bis(2-methylimidazol-1-ylmethyl)benzene 
(pbmeix) and a phenylenediacetate (opda or ppda) ligand have been prepared and structurally 
characterised. Both the nature of the metal centre and the identity of the phenylenediacetate 
influence the dimensionality of the products formed, with one-, two- and three-dimensional 
networks all identified crystallographically. In complexes 1-3, some of the oxygen atoms of 
o/ppda take part in coordination with zinc(II) whereas in complexes 4 and 5, all the oxygen 
atoms of o/ppda coordinate to cadmium(II). Both the coordination environment of the metal 
ions and the bonding mode of o/ppda linkers in these coordination polymers show differences. 
The opda ligands in complexes 1 and 4 adopt the μ3-η1:η1:η1:η0 tridentate and μ2-η1:η1:η1:η1 
tetradentate coordination modes whereas the ppda ligands in complexes 2, 3 and 5 show the μ2-
η1:η0:η1:η0 bidentate and μ4-η2:η1:η2:η1 hexadentate coordination modes, respectively. The 
comparison of the structures of these compounds and those with other semi-flexible ligands 
show that the dimensionality of 1-5 can be adjusted by adding methyl group to the neutral linker. 
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The various bonding modes and ligand conformations of opda/ppda, the methyl group of the 
linker pbmeix and the nature of the metal centre all play important roles in determining the 
structural diversity.  
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